Dense and single phase BiFeO 3 (BFO) ceramics were prepared using attrition milled calcined (coarse) powders of an average particle size of 3 µm by conventional sintering process. A relative density of 96% with average grain size 7.3 µm was obtained when the powder compacts were sintered at 850 o C even for a shorter duration of 10 min. In contrast, densification barely occurred at 800 o C for up to 12 h rather the microstruce showed the growth of abnormal grains. The grain growth behavior at different temperatures is discussed in terms of nonlinear growth rates with respect to the driving force. The sample sintered at 850 o C for 12 h showed enhanced electrical properties with leakage current density of 4 × 10 −7 A/cm 2 at 1 kV/cm, remnant polarization 2P r of 8 µC/cm 2 at 20 kV/cm, and minimal dissipation factor (tan δ) of ~0.025 at 10 6 Hz. These values are comparable to the previously reported values obtained using unconventional sintering techniques such as spark plasma sintering and rapid liquid phase sintering.
Introduction
ultiferroic materials have attracted much attention due to their unique coupling of electric, magnetic, and structural order parameters resulting simultaneous (anti)ferroelectricity, (anti)ferromagnetism, and ferroelasticity in the same phase. As a consequence, these materials possess tremendous potential for applications in multiple state memory elements, electric field-controlled ferromagnetic resonance devices, and transducers with magnetically modulated piezoelectricity. 1) In recent years, numerous multiferroic oxides have been studied. BiFeO 3 (BFO) is a model system that has been studied intensively due to its good magnetoelectric properties: it is ferroelectric with a high Curie temperature (T C = 830 o C) and is a G-type antiferromagnetic below the Neel temperature (T N =~370 o C). In particular, its weak ferromagnetic moment coupled with antiferromagnetic spin ordering causes BFO to be more attractive for room temperature magnetoelectric (ME) applications.
2) However, the incorporation of bulk BFO into practical device applications has been hindered due to its high leakage current, which may be related to its low sintered density and the persistent appearance of impurity phases.
Since the discovery of polycrystalline BFO in the late 1960s, 3) the preparation of single phase BFO, which has a narrow phase stability range, has remained a challenging task. 4) Various processes, such as mechanochemical powder synthesis, 5) wet chemical processes, 6, 7) and leaching out of second phases from sintered samples with HNO 3 8) have been attempted. Unconventional sintering techniques, such as spark plasma sintering, 9, 10) rapid liquid phase sintering, 11) and quenching after sintering, 12) have also been attempted in order to improve the properties of BFO ceramics. While some attempts have partially succeeded in improving the ferromagnetic or ferroelectric properties (or both) of BFO, many studies have faced issues of coarse grain formation and porous microstructure evolution, which are possible causes for the deterioration of the collective properties. Considering the significance of microstructural modification in improving the electrical properties of some perovskite ceramics, understanding the microstructure development in BFO ceramics prepared using conventional solid-state reactions and sintering is required; however, studies on the microstructural evolution in BFO ceramics are rare in the literature. Possible reasons for the limited number of studies of microstructural evolution are the formation of coarse powder during calcination [13] [14] [15] and the very rapid grain growth during sintering, which increases the difficulty of controlling the microstructure using the sintering variables.
15,16)
The purpose of this study is to prepare dense, single phase BFO ceramics using conventional solid-state reaction. In order to improve the sinterability and to control the grain ≈ ≈ growth, a simple, cost effective attrition milling process was employed prior to the sintering process. The densification and grain growth behavior were studied via sintering of the attrition milled fine powders at different temperatures for various time durations. The samples prepared under optimized conditions demonstrated a significant improvement in relative density, up to 96%, and the electrical properties: a reduction of the leakage current density low dielectric loss, and a P-E hysteresis loop typical of a good multiferroic oxide.
Experimental Procedure
High purity Bi 2 O 3 (2 µm, 99.99%; Kojundo Chemical Laboratory Co., Ltd., Japan) and Fe 2 O 3 (0.5 µm, 99.99%; Kojundo Chemical Laboratory Co., Ltd., Japan) powders were weighed in the stoichiometric composition and ball milled for 24 h in ethanol using ZrO 2 balls and polypropylene bottles. The dried slurry was crushed using an agate mortar and pestle and then sieved to 150 µm. The powder was calcined at 800 o C for 2 h using a box furnace (heating/cooling rate: 4 K/min). The calcined powder was crushed via attrition milling (Attritor: Chunwoo Mater. Co., Gyeonggi-do, Korea) using ZrO 2 balls in ethanol. The ball to powder ratio was optimized to 25 : 1 and the milling time to 5 h. The dried slurry was crushed again using the agate mortar and pestle and sieved again to 150 mm. The calcined powder was characterized using X-ray diffraction (D/MAX-IIIC (3 kW), Rigaku, Japan) with a scan speed of 2 o /min and step size of 0.01 o for phase confirmation.
Before and after the calcination, the particle size distribution was measured using a laser diffraction sensor (HELOS, Sympatec GmbH, Germany). The powder was uniaxially pressed into pellets of 8 mm diameter and 3 mm thickness; it was then cold isostatically pressed at 200 MPa. The pellets were sintered at 800 and 850 o C for 10 min, 2 h, or 12 h in an alumina crucible using a box furnace.
The vertically sectioned surfaces of the sintered pellets were ground and polished to a 1 µm finish using a diamond paste suspension followed by etching. The microstructure of the etched surface was observed using a scanning electron microscope (Phillips XL 20 SEM, Phillips). Clear images were obtained after thermal etching at 750 o C for 20 min, however, the microstructures were better observed after chemical etching in an HF-HNO 3 -H 2 O solution for 20 sec for the 800 o C sintered samples. The grain size distributions were measured from the micrographs using image analysis software (Matrox Inspector 2.1). At least 300 grains were examined in order to measure their area, which was then converted to the diameter of a circle of the same area. The three dimensional grain size was obtained from the measured two dimensional size by multiplying it by 1.3 17) . In order to measure the electrical properties, disk shaped pellets were horizontally sliced to a thickness of approximately 0.5 mm and the two cross faces were coated with a conductive silver paste. The leakage current was measured using a current-voltage source (model 237 source measurement unit; Keithley Instruments Inc., U.S.A.). The dielectric properties were measured using an impedance analyzer (Agilent 4294A Precision Impedance Analyzer, Agilent Technologies, U.S.A.). The polarization-electric field (P-E) hysteresis loop was traced using a standard Sawyer-Tower circuit at 100 Hz.
Results and Discussion

Structure and Morphology of Synthesized Powder
Figs. 1(a) and 1(b) show the X-ray diffraction (XRD) patterns of the calcined powders before and after attrition milling. Both patterns show that the as-calcined and attrition milled powders consist of single perovskite phase within the detection limits of the X-ray diffraction. The XRD patterns of the samples sintered at 850 o C for 10 min and 12 h (Figs. 1(c) and 1(d)) also confirm single perovskite phase And the absence of impurity phases indicates that the synthesized phase was sufficiently stable not to decompose even after attrition milling followed by high temperature sintering. The splits in some characteristic peaks indicate that the samples have a rhombohedrally distorted perovskite structure and the patterns are indexed using the JCPDS card (PDF#00-020-0169) for rhombohedral BFO with R3c symmetry. A significant broadening of the Bragg profile, which can be seen in Fig. 1 (b) as compared with Fig. 1(a) , is possibly due to mechanical deformation of the particles and crystal size reduction as a result of the attrition milling.
Figs. 2(a) and 2(c) show the morphologies of the powder particles before and after attrition milling; Figs. 2(b) and 2(d) show the corresponding particle size distributions. The overall shape of the particles in Fig. 2(a) is almost equiaxed, with sharp corners. The particle size is between 2 and 90 µm, with approximately 33% of the particles having diameters of less than 4.5 µm and the rest with larger diameters (5.5-90 µm). The large particles appear primarily to be agglomerates, as shown in the inset of Fig. 2(a) . In contrast, the particle shapes after attrition milling are elongated or plate-like, and the size of more than 70% particles falls in the range of 1~5 µm. Though the distribution displayed particle agglomeration, very large agglomerates (> 30 µm) were found to be absent.
The attrition milling appears to be effective in disassembling the agglomerated particles, reducing the particle size, and making the particle size distribution uniform.
Densification and Grain Growth
Figs. 3(a) and 3(b) show micrographs of the BFO ceramics sintered at 850 o C for 2 h from powders without and with attrition milling, respectively. Fig. 3(a) shows a coarse and porous microstructure of the BFO ceramics with grain sizes ranging from 50 to 100 µm. A large number of pores were observed inside the grains, as well as at the grain boundaries. As a result of the rapid grain growth, similar microstructures were also observed in a previous investigation when sintering was performed above 825 o C even for a short period of time.
13) In addition, no appreciable change in the microstructure was observed with increasing sintering temperature or duration. Although the initial large particle size was suggested as a cause of the observed rapid grain growth, no further analysis was made. 13) In contrast, the sample in Fig. 3(b) has a fine, dense microstructure with an average grain size of 11 µm. Therefore, it is proposed that the large difference in the average grain size after sintering is related to the difference in the particle size and distribution, although there might be an effect of ZrO 2 contamination on grain growth and densification during sintering.
The particle size distribution of the calcined powder in Fig. 2 (b) is appeared to be bimodal with particles both smaller and larger than ~25 µm (indicated by an arrow in the figure), if the particles with size 4.5 µm are not considered. Furthermore, the fraction of small particles of 4.5 µm is exceptionally high. Thus, it can be considered that large grains grow rapidly at the expense of small grains. On the other hand, the particle size of attrition milled powder is smaller and shows a unimodal size distribution. Because of the unimodal and narrow size distribution, the formation of exceptionally large grains during sintering is suppressed compared to the case of as calcined powder.
In order to study the grain growth and densification behav- Fig. 4(c) ). The micrographs also indicate some abnormal grains up to 11 µm, which is clearly seen in their corresponding grain size distributions (Figs. 5(a) to 5(c)). The average grain size and relative density remained at approximately 1.5 µm and 75%, respectively, even after extended sintering of up to 12 h, as listed in Table 1 . The particle size of the attrition milled powder is larger than the average grain size of the samples sintered at 800 o C, indicating that each particle consists of many crystallites even after attrition milling. Therefore, it is concluded that densification and grain growth barely occur at this sintering temperature.
However, the samples sintered at 850 (Figs. 5(a) to 5(c) ). This suggests that large particles grow quickly at the expense of micron-sized small particles and crystallites, thereby leading to a unimodal grain size distribution in a short time period. As liquid phases were present in both sets of samples, the drastic difference in densification and grain growth might not be a result of the formation of liquid phase. Considering the heating and cooling rate of Considering previous investigations in other perovskites, [18] [19] [20] [21] the observed change in the grain growth behavior with respect to sintering temperature is thought to be associated with change in the boundary structure with temperature.
22-24)
Figs. The structural transition from faceted (straight in morphology) to rough (curved in morphology), i.e. the roughening transition at the grain boundaries, is related to a change in the step free energy (also called the edge energy) of the boundary. 22, 24, 25) As the step free energy decreases with increased temperature due to an increased contribution of the mixing entropy, 26, 27) the faceted boundary tends to become rough with increasing temperature, [22] [23] [24] as seen in Fig. 6 .
According to previous investigations, the migration of a faceted boundary occurs via atom shuffling 28) (or step growth [29] [30] [31] ), which may exhibit a critical driving force for appreciable migration. Indeed, our recent investigation 32) showed the presence of a critical driving force for appreciable migration of faceted boundaries. Fig. 7 schematically depicts the variation of the growth rate with the driving force at temperatures of 800 and 850 o C, based on the results of our study. 32) There is a critical driving force for appreciable migration (∆g C ) and with increasing temperature, ∆g C decreases whereas the overall migration rate increases. For a driving force larger than ∆g C, the migration rate increases in proportion to the driving force (∆g), as depicted in Fig. 7 by the two dotted lines for the two different sintering temperatures. In such a system, each grain has its own driving force for growth and the largest grain has the maximum driving force (∆g max ). The grain growth behavior varies with the relative values of ∆g max and ∆g C . 25, 33, 34) In this study, the ∆g max must be almost identical at the beginning of sintering for both temperatures (800 and 850 o C) because the green pellets were prepared from the same attrition milled powder. The ∆g C at 850 o C (∆g C 850 in Fig. 7 ) may be significantly lower than ∆g max and the grains with ∆g > ∆g C grow quickly, consuming the rest of the grains leading to a remarkable increase in the average grain size in a short period of time. When the large grains impinge upon each other, ∆g max decreases significantly and sluggish grain coarsening may occur (Figs. 5(e) and 5(f)). However, as the step free energy and the fraction of the faceted boundaries increase with decreasing temperature, ∆g C at 800 o C (∆g C 800 in Fig. 7 ) is larger than ∆g C at 850 o C. In this case, only a small number of grains may have ∆g > ∆g C, and only those grains can grow significantly, resulting in the formation of abnormal grains, as shown in Figs. 5(a) to 5(c) . The practical absence of densification at 800 o C is also attributed to the boundary faceting. [34] [35] [36] When a boundary is faceted, there is also a critical driving force for the densification. 35, 36) The present results indicate that the driving force for the densification of the compact at 800 o C is lower than the critical driv- R · ing force. Fig. 8(a) plots the leakage current density of the BFO ceramics sintered at 850 o C for 10 min, 2 h, and 12 h as a function of applied field. However, it was not possible to measure the leakage current for the samples sintered at 800 o C as the current values exceeded the measurement limits before the electric field reached 1.5 kV/cmdue to high porosity of the samples (Fig. 5) . Fig. 8(a) suggests that the leakage current of all samples sintered at 850 o C was ohmic in nature within the range of applied electric field. The sample sintered for 12 h exhibits the lowest leakage current density (4 × 10 −7 A/cm 2 at 1 kV/cm). This value is more than four orders of magnitude lower than that of the sample sintered for 10 min. This decreasing trend of the leakage current with the sintering time contradicts the previous findings 11) , as they have suggested that heat treatment for a shorter period was favorable for obtaining high resistivity as it would possibly minimize the creation of vacancies, which can act as charge carriers.
Electrical Properties
However, further work is needed to explain precisely the discrepancy between the previous and the present results. The measured leakage current of the sample sintered for 12 h is comparable with the values obtained in previous investigations for cation doped BFO ceramics or single phase BFO ceramics that were prepared using the coprecipitation method. [37] [38] [39] [40] The inset of Fig. 8(a) shows a polarization-electric field (P-E) hysteresis loop of the BFO ceramic sintered at 850 o C for 12 h. The remnant polarization, 2P r , of this sample is 8 µC/cm 2 at an applied field of 20 kV/cm. It was, however, not possible to trace the P-E loops for the other samples due to the higher leakage current. The 2P r value is also comparable or higher than those reported in previous studies.
11,37,41) Fig. 8(b) plots the relative dielectric constant (ε r ) versus frequency; the inset shows the variation of the dielectric loss tangent (tan δ) with frequency. A decreasing trend in ε r with increasing frequency is noticed for all ceramics; however, the decrease is steeper for the sample sintered for a shorter duration. Very high values of ε r at low frequencies, in particular for samples sintered for 10 min and 2h, are attributed to high conductivity rather than to high polarizability. At higher frequencies, the ε r of all samples decreases to 66~70 (10 7 Hz).
Similar decreasing trend at high frequencies is observed in earlier reports. [38] [39] [40] The inset in Fig. 8(b) shows that tan δ decreases with increasing sintering time for all studied frequency ranges. The tan δ of the samples sintered for 10 min and 2 h exhibits broad peaks between 10 and 100 kHz, in contrast to that of the sample sintered for 12 h, which displays a relatively invariant loss with frequency. The tan δ of the BFO ceramics was found in previous reports to have a strong frequency dependency (upward 37, 42) or downward [43] [44] [45] trend). A similar type of broad peak in the tan δ versus frequency curve was observed between 1 and 100 kHz by Chen and Wu. 40) A possible factor for the dispersion behavior is the space-charge polarization, which primarily occurs at low frequencies. The dielectric dispersion of the samples sintered for 10 min and 2 h, however, is attributed to the high conductivity (high leakage current) of the samples, as previous investigations have reported.
37,40)
Conclusions
The particle size of calcined coarse BFO powder was significantly reduced to 3 µm, with narrow and unimodal size distribution by attrition milling. The attrition milled powder provided a fine and dense microstructure with no phase decomposition, in contrast to the coarse and porous microstructure of the as-calcined powder. These results demonstrate that the reduction in particle size and the improvement of the size distribution effectively suppressed the fast grain growth that occurred in the as-calcined powder compacts. The grain growth behavior of the attrition milled powder at two different temperatures was discussed in terms of the coupling effect of the driving force for grain growth and the critical driving force for appreciable migration of the boundary. The grain boundaries were mostly faceted with a few number of 
